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Abstract
PMR (polymerization of mono-
meric reactants) methodology was
used to prepare thirty different
polyimide oligomeric resins. Mono-
meric composition as well as chain
length between sites of crosslinks
were varied to examine their
effects on glass transition temper-
ature (Tg) of the cured/postcured
resins. An almost linear correla-
tion of Tg versus molecular dis-
tance between the crosslinks was
observed. An attempt was made to
correlate Tg with initial mechan-
ical properties (flexural strength
and interlaminar shear strength)
of, unidirectional graphite fiber
composites prepared with these
resins. However the scatter in
m:chanical strength data prevented
obtaining as clear a correlation
as was observed for the structural
modification/crosslink distance
versus Tg. Instead, only a range
of composite mechanical properties
was obtained at the test tempera-
tures studied (room temperature,
288 and 316 'C). Perhaps more
importantly, what did become appar-
ent during the attempted corri^lation
study was (a) thac PMR methodology
could.be
 used to prepare composites
from resins Oat contain a wide
variety of monomer modifications,
and (b) that these composites
almost invariably provided satis-
factory initial mechanical proper-
ties as long as the resins selected
were melt processable.
1. INTRODUCTION
As a continuation of an
initial phase (1) of a larger
investigation directed towards
understanding the high temperature
degradation of addition cured poly-
mers, a wide variety of norbornenyl
cured resins were fabricated as
both neat resin discs and unidirec-
tional graphite fajer composites.
f	 1
iThe variable in this portion of the
study was structu ,^al modification
of the monomers between the nor-
bornenyl endcaps. The purpose of
this study was twofold. The first
was to determine if any relation-
ships existed on glass transition
temperature (Tg) versus changing
the distance and/or monomer varia-
tion between the norbornenyl cross-
link sites. The secor ,:i purpose
was to determine if any relation-
ships could be correlated between
any structural modification/Tg
relationship observed and the com-
posite initial mechanical strengths
obtained.
2. EXPERIMENTAL
Three dianhydrides (pyromel-
litic dianhydride (PMDA), 2,2-bis
(3,4-dicarboxyphenyl)-hexafluoro-
propane dianhydride (HFDA), and
3,3 1 ,4,4 1 -benzophenonetetracarbox-
ylic dianhydride (BTDA)) and three
mixtures of these dianhydrides were
reacted as their respective diacid-
dimethyl esters with up to ten dif-
ferent aromatic diamines and a
norbornenyl endcap (Nadic Ester,
NE). These reactions provided a
wide variety of monomeric polyimide
precursor mixtures at a stoichiom-
etry of N/N+1/2. All the reactions
were accomplished using PMR (poly-
merization of monomeric reactants)
methodology. (2,3) The compositions
investigated were selected on the
basis of providing (a) a systematic
variation in monomer compositions,
and (b) melt processable resins
suitable for composite fabrication.
All three dianhydrides and mixtures
of these were used with 4,4'-
methylenedianiline (MDA) and 4,4'-
diaminotriphenylmethane (DATPM) as
the aromatic diamines. Other mono-
mer combinations selected were all
singular HFDA or BTDA based resins
containing a variety of aromatic
diamines at stoichiometries such
that a constant formulated molecu-
lar weight (FMW) of 1500 was main-
tained. In a few cases where the
stoichiometries varied widely in
order to maintain FMW - 1500,
additional resin compositions were
selected to maintain similar stoi-
chiometries while letting FMW vary
widely. All these compositions,
their stoichiometries and FMW's
(when not equal to 1500) are indi-
cated in the left half of Table 1.
These selected compositions and the
MDA and DATPM compositions were
fabricated into neat resin discs
and unidirectional unsized Celion
6000 graphite fiber composites. A
total of thirty different compos-
ites and corresponding neat resin
discs were prepared for this study.
The resin discs were used to char-
acterizei the glass transition tem-
peratures (Tg) via thermomechanical
analysis (TMA) before and after
16 'hr postcures in air at 316 °C.
The TMA heat-up rate was 20 'C/min
while the postcure heat-up rate was
100 °C/hr. The composites were
cured/postcured using a standard
PMR ,-15 316 'C cure/postcure metho-
dology(213)
 in order to maintain
as similar a processing cycle as
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4possible for the resin discs and
composites.
The flexural strength and
interlaminar shear strength (ILSS)
of the thirty postcured composites
were determined, usually in tripli-
cate, at room temperature and
316 %, according to ASTM test
methods described in Ref. 4. Mech-
anical tests were also performed
at 288 'C for resins which exhib-
ited Tg's too close to the 316 °C
test temperature. f= iber content
was maintained as close to 65 wt
fiber (approximately 60 vol
fiber) as possible. However when
the resulting laminate deviated
from this composition the flexural
data was normalized to this
composition.
3. RESULTS AND DISCI'SSION
3.1 Structure to Tg R ,elat onships
The Tg's of all the MDA and
DATPM based resins are shown in
Figs. 1 to 3. Several consistent
trends in the Tg's before and
after postcure versus varying the
molecular chain length (but not
molecular structures) between the
norbornenyl crosslinks are observed
in these figures. First, the Tg
before postcure was always less
thin the cure temperature and the
Tg always increased during 316 °C
postcure. In the compositions
with shorter distances between
crosslinks (lower N values) the
Tg after 316 'C postcure exceeded
the cure temperature. The magni-
tude of the Tg increases during
the 316 °C postcure, as shown by
the distance between the two lines
in each figure, was similar regard-
less of the variation in the dis-
tance between the norbornenyl
crosslinks (N value). Second, the
Tg's either before or after 316 `C
postcure always increased with
decreasing distance between the
norbornenyl crosslinks (lower N).
This Tg increase was a linear
function of the. distance between
the crosslinks.
Several trends in the Irg's
before and after postcure versus
varying the molecular structures
(but not monomer stoichiometry, N)
between the norbornenyl crosslinks
are observed in Fig. 4. Tnese
trends were seen by systematically
replacing BTDA (in the RTDA/MDA
composition) with PMDA while main-
taining a constant stoichiometry
at N = 2.087. This could also be
considered as an effect of decreas-
ing the distance between norbor-
nenyl crosslinks (as seen earlier
in Figs. 1 to 3) because of the
linear, shorter structure of PMDA
compared to BTDA. First, as
before, i:he Tg before postcure
was always less than the cure
temperature and the Tg always
increased during 316 'C postcure.
In the compositions with the
greater amounts of PMDA the Tg
after 316 °C postcure also exceeded
the cure temperature. The magni-
tude of the Tg increase during
316 °C postcure, as shown by the
distance between the two lines in
Fig. 4, was also similar regardless
3
of the variation in the extent of
BTDA replacement by PMDA. Second,
the Tg's either before or after
316 'C postcure also always
increased with increasing amounts
of PMDA. This increase was also a
linear function of the amount of
PMDA used to replace BTDA.
3.2 Structure//Tq to Composite
Initial Mechanical Property
Relationships
The ILSS of all the BTDA or
HFDA/MDA or DATPM/NE composites
were examined as a function of
decreasing Tg (increasing N) and
significant trends were not
observed. The flexural strength
data lead to a similar observation.
At room temperature the composite
mechanical properties appeared to
be quite insensitive to the Tg
and only sensitive to fiber
content.. At elevated test tempera-
tures (288 and 316 'C) the com-
posite mechanical properties
appeared to show only a very slight
decrease with decreasing Tg (or,
increasing distance between cross-
links) as 'long as the Tg > test
temperature. However, the mech-
anical property data was scattered
and a linear correlation was not
observed.
The ILSS and flexural strength
of the BTDA/PMDA//MDA/NE composites
were also examined as a function of
decreasing Tg (decreasing PMDA
content; see Figs. 5 and 6). As
before, at room temperature the
composite mechanical properties
were quite insensitive to the Tg
(or changing BTDAIPMDA composi-
tion). However, at 316 'C the com-
posite mechanical properties showed
an increase with increasing PMDA
content. Again, as before the
scatter in the mechanical property
data was such that a clear linear
correlation was not observed. In
addition, it should be noted that
laminates prepared at 100 percent
PMDA composition tended to crack
in the unidirectional fiber direc-
tion and the corresponding resin
discs also cracked during curing.
Thus, although increasing PMDA
content is a method of achieving
higher Tg's, a decrease in resin
processability/laminate quality was
observed when PMDA content exceeded
75 percent. This is probably the
cause of the nonlinear 100 percent
PMDA ILSS data point in Fig. 6.
The remainder of the compos-
ites prepared for this study (all
without MDA or DATPM) are identi-
fied in Table 1. In the right half
of Table 1 were identified the
maximum resin process temperatures
and the resultant unpostcured and
316 °C postcured Tg's of these
resin compositions. Visual inspec-
tions of the as processed composite
structural integrity and compar-
isons of the Tg's indicated that
all these resins (in Table 1) did
provide satisfactory fabricated
resin discs and composites. How-
ever because of the nature of the
singular data points for each com-
position, trends were not readily
1
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Aapparent that related the struc-
tural modifications effects on T9
to composite initial mechanical
properties. Figures 7 and 8 demon-
strate this by showing flexural
strength and ILSS of all these
composites only as a range of
strengths at three test tempera-
tures. The composites are grouped
into two categories, those with and
without MDA u:- DATPM as the diamine
used in the polyimide. The major-
ity of the resin compositions in
Table 1 (without MDA or DATPM)
provided a relatively small range
of resulting strengths. When
strengths ore lower, the result
could usually be attributed to
either a low Tg or a resin defi^
cient laminate. However almost
all the MDA or DATPM compositions
always provided an even narrower
range of resulting strengths as
shown by the MDA or DATPM strength
range beside the oon-MDA or non-
DATPM range in figures 7 and 8.
This suggests that the use of MDA
or DATPM in norbornenyl resins may
lead to a more consistent range of
composite initial mechanical
properties.
4. CONCLUDING REMARifS
In conclusion, the application
of PMR technology to the prepara-
tion of composites containing a
variety of structural modifications
was successful as long as the resin
composition selected was a melt
processable monomer combination.
Whether or not based on MDA or
DATPM, these composite's invariably
exhibited satisfactory initial room
temperature mechanical properties.
As long as the Tg is sufficiently
above the test temperature, these
composites all invariably also
exhibited satisfactory elevated
temperature initial mechanical
properties. The only exception
to this conclusion was some
monomer combinations, such as they
100 percent PMDA composition,
instead 'led to increased brittle-
ness and thus did not provide sat-
isfactorily fabricated laminates.
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Fnrm"Flatinns
	 son Pxnresiln Tnmeraturnsan4 T
-	
^a.^.-
Resin fin41
process
tempTraturo,
Tg
No postCure
	
postEureb
1.60 335 x11 ?b0
1.60 3311 209 217
1.b7 342 281 128
1.66 325 286 316
at 61	 (1263) 325 '115 350
2,13 316 300 155
a?r081 (lean) 316 248 7 0
yl. 1.15 314 292 345
2.00 340 208 269
a2,087 (1550) 33n 257 289
21on 390 300 360
1179 333 239 273
21083 316 270 321
y1.
1 372
42,087 (1950) alb266 935
1 42.808	 (2400) 316 258 322
opt those marked with a different (FMW),
hours in air at 316 'C,
- TABULATED TEST MATRIX DATA AT 400 P51
Ampere hours,
out
Watt . hours,
1n
Watt-hours,
out
Energy
efficiency,
%
End-of-
discharge
battery
voltage
37 090 452 51 10,9
39 057 470 55 10.7
374 670 466 53.5 114
38.5 841 474 56 1018
39.4 851 4)0 57 1110
39.6 829 495 60 10.0
42.2 036 523 6215 9.3
42.2 824 523 4315 9.1
45.5 827 569 69 8.7
41.0 816 521 64 819
11, - CNARACIERIZAT )ON
 TEST MATRIX
5 A charge; C rata (50 A) discharge.)
Temperature,
• C
Pressure
base,
Psi
Ampere-hours,
out
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1e
Watt-hours,
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Watt-hours,
off..,
x
End-of-discharge
battery voltage
0 400 44 1015
"1
51 9.7
10 400 44 1000 524 52 9,9
20 400 46 978 554 5615 910
30 400 48 967 575 60 019
40 400 45 980 553 56.5 019
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